T he largest mammalian hearts, those of the great whales, weigh more than 6 orders of magnitude more than the smallest mammalian hearts, those of the shrew and the mouse. Yet all mammalian hearts use basically the same molecular structures and biochemical pathways to maintain their electromechanical function. It is clear from these observations that mammalian hearts must adjust their structure and function to compensate for the geometric, physical, and biological consequences of being different sizes. How this is achieved is the subject of allometric scaling, which deals with the structural and functional consequences of changes in size or scale among otherwise similar organisms. 1 It is generally accepted that the scaling relation between body mass (BM) and various biological processes, such as metabolic rate, life span, and heart rate (HR), is described by the so-called allometric equation YϭY 0 · BM b , [2] [3] [4] where Y is the biological process and b is the scaling exponent.
The term "allometry" was first used by Snell 5 in 1891 to express the mass of a mammal's brain as a function of the BM. It was observed that metabolic rate was proportional to the surface area of the animal, which in turn is proportional to the animal's volume. Initially, on the basis of geometrical arguments, the scaling exponent b was thought to be 2/3. However, it was subsequently observed empirically by Kleiber 6 that the best fit required b of Ϸ3/4. More recently, West et al 3 proposed that the "fractal-like" nature of living organisms is at the origin of the law of metabolic rate scaling. In the model of West et al, 3 processes that rely on hierarchical networks for resource distribution are predicted to scale with BM n/4 (n being an integer). In fact, many variables in mammalian physiology have been shown to scale with BM following a similar quarter-power law, including metabolic rate, circulation time, HR, aortic diameter, and respiratory rate. 2 Here, we address the question of whether the time taken by the electrical impulse that propagates across the atrioventricular (AV) conduction system with each heartbeat follows any scaling law. Previous ECG studies in multiple mammalian species, [7] [8] [9] including humans, have demonstrated that the PR interval, which measures the time taken by an electrical impulse generated in the sinoatrial node to propagate from atria to ventricles, changes by no more than a single order of magnitude when the BM changes by Ϸ6. Meijler et al 7, 10 have addressed this question by proposing that the PR interval scales linearly with heart length. The fact that such a relationship is not applicable to large-size animals like the humpback whale has been attributed to possible anatomic and/or functional differences in the AV conducting systems of small and large animals. 8 Günther et al 11 proposed in a preliminary study that the scaling of ECG intervals (RR, PR, QRS, QT) could be described according to concepts derived from fractal geometry. In this article, we use an analytical model in combination with double-logarithmic plots of ECG data to demonstrate for the first time that the universal law for allometric scaling in biology also governs the PR interval of mammals across 33 species and 6 orders of magnitude in BM.
Methods

Theory
The theoretical prediction of the relation between PR interval and BM was adapted from the derivation of a universal geometric scaling by West et al. 3 These authors have developed a general model frame that is based on the assumption that biological rates and times are restricted by the rates at which limited energy and materials can be supplied to cells through a hierarchical branching network. Their model further assumes that the distribution system has 3 characteristics: (1) it is space-filling (ie, it reaches all parts of the organism); (2) it minimizes the energy required for the distribution; and (3) it has size-invariant terminal units (eg, capillaries or terminal bronchioles). Following such arguments, we have treated the conduction system of the heart as a "fractal-like" network consisting of cardiac myocytes with multiple hierarchies in the atrium, the AV node, and the His-Purkinje system. 12 
Data Collection and Analysis
PR interval (ms), HR (bpm), and BM (kg) of 541 animals representing 33 mammalian species ranging from the mouse to the whale were collected from the literature. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The collected data fall into 4 different categories based on the mode in which they were reported in the literature for each of the 3 parameters (ie, PR, HR, and BM): (1) measurements from single animals, (2) multiple animal measurements reported as mean values without SD, (3) multiple animal measurements reported as means with SDs, and (4) values reported as ranges without means or SDs. For convenience, the allometric equation YϭY 0 · BM b can be transformed into a logarithmic form, lnYϭlnY 0 ϩb · lnBM, which describes a straight line of the form yϭinterceptϩbx. Double-logarithmic graphs were plotted: HR versus BM, PR versus HR, and PR versus BM for 33 species spanning 6 orders of magnitude in BM. In addition, double-logarithmic plots were constructed for PA, AH, and HV "subintervals," defining separate propagation times in the atria, AV node, and His-Purkinje system, respectively. 16 Such plots were constructed by use of published data obtained from 5 different species (rat, rabbit, dog, human, and horse) spanning 4 orders of magnitude of BM. Best fit, 95% confidence limit, and 95% prediction limit lines were determined with Origin 7.0 software (OriginLab Corp).
Results
Model Prediction
Branching networks have been proposed to be the underlying mechanism for the scaling of biological processes as the quarter power of BM. 2, 3 We applied a similar model to the conduction system of the heart and used it as the basis for scaling of the PR interval of the ECG as a measure of AV conduction time in all animals surveyed. Our model is based on the following set of assumptions.
1. The conduction path has 3 major components, including the atrium, the AV node, and the His-Purkinje system, with respective lengths being l a , l av , and l hp .
2. The basic unit of the conducting path is the individual myocyte, whose length, l c , is almost fixed across species. 31 3. The conduction velocity, v x (xϭc, cell; a, atria; av, AV node; and hp, His-Purkinje), at each component of the path is preserved across species 10, 21 in such a way that conduction velocity, v a , in the mouse atrium, for example, is close to that in the human atrium.
4. Because the heart mass is linearly proportional to BM, 8 we further assume that the mass of the conduction system m is linearly proportional to that of the BM. 16 Furthermore, the myocardial tissue density is uniform across the spectrum of species studied. 32 Given the above assumptions, we can establish the following relations between the mass of the conduction system m, and its length l, and between the PR time interval t and the conduction system's length l:
and tϭt͑l c / c ,l a / a ,l av / av ,l hp / hp ͒ϵt͑t c ,t a ,t av ,t hp ͒ For convenience, these will be expressed in units of the atrial parameters as mϭl a 3 f(l c /l a ,l av /l a ,l hp /l a ) and tϭt a w(t c /t a ,t av /t a ,t hp /t a ), where f and w are dimensionless functions of the dimensionless ratios. When the body size changes by a factor of , the heart size also changes while conserving its shape, and thus the lengths l a , l av , and l hp are transformed as l a , l av , and l hp . However, l c , v c , v a , v av , and v hp remain almost constant. In this case, the scaled mass is
where f(l c /l a ,l av /l a ,l hp /l a ) can be expressed as
Similarly, the changed PR time interval tЈ is scaled as where ⑀ m and ⑀ t are the fractal dimensions of the mass and the time, respectively. Mandelbrot 33 established that the fractal dimension of a surface A is 2ϩ⑀ A , where 0Յ⑀ A Յ1, and the fractal dimension of a length L is 1ϩ⑀ L , where 0Յ⑀ L Յ1, with 0 being the euclidian limit and 1 being the maximal fractal limit. As such, the fractal dimension of a volume and, consequently, of a linearly proportional mass will be 3ϩ⑀ A ϩ⑀ L . Because the mass of the conduction pathway is proportional to the BM, and because the PR interval reflects the time taken by an impulse to propagate across that pathway, then it is established that
West et al 2, 3 argue that maximization of exchange surface areas and minimization of transport distances and times have been key to the evolution of living organisms. As a result, ⑀ A 31, ⑀ L 30, and the exponent (1ϩ⑀ L )/(3ϩ⑀ A ϩ⑀ L ) becomes 1/4, and hence our model derivation predicts
Investigational
Scaling of PR Interval and HR
The data collected encompass 541 animals representing 33 species, ranging from the mouse to the humpback whale (Table 1) . In Figure 1 , we present actual photographs of the hearts of 3 different species (horse, cat, and mouse) to provide a visualization of the magnitude of the changes in euclidian dimensions, including BM. Because heart mass scales as 0.6% of BM, 8 it follows that the heart of a 600-kg horse weighs 3600 g, whereas the heart of a 4-kg cat weighs 24 g and that of a 32-g mouse weighs 0.192 g, which represents a change of 4 orders of magnitude in heart weight. If one also includes the humpback whale, whose body weight is Ϸ30 000 kg and heart weight is Ϸ180 000g, the change occurs over 6 orders of magnitude. Yet, from mouse to whale, PR interval changes only from 40 to 400 ms. 8 Similarly, HR changes from 600 bpm in the conscious mouse 25 to Ϸ30 bpm in the humpback whale, 21 and West et al 2 have already found that HRϰBM Ϫ1/4 . In Figure 2 , we have plotted ln(PR) versus ln(BM), whose best linear fit is yϭ3.98ϩ0.24x. The slope of the line is the exponent b in YϭY 0 · BM b , and the PR interval dependence on BM is described by the equation: (12) PRϭ53⅐BM 0.24 . Figure 3 shows the best linear fit of average HR and BM data from Table 1 
Scaling of PA, AH, and HV Subintervals
As an additional strategy to test the validity of our results, we decided to look at the scaling of the subintervals (PA, AH, and HV) that define separate propagation times in the atria, AV node, and His-Purkinje system that compose the overall PR interval. To this aim, we used some limited data (see Table 2 ) available to us from 5 different species that range from rat to horse. 16 Our rationale for this strategy was based on the fact that our model postulates that the PR interval represents the behavior of 3 separate "fractal-like" networks (the atrium, the AV node, and the His-Purkinje system) working in concert to bring the impulse from the sinus node to the ventricles. Therefore, unless there are any leaks in the overall system, every one of these subintervals should scale with BM to the 0.25 power, with the proportionality coefficient being different for each case. If the equation for scaling is YϭY 0 BM b , then Y 0 is the proportionality coefficient. Figure 5 shows the 3 double-logarithmic plots of PA versus BM, AH versus BM, and HV versus BM with the corresponding fits. The slopes of all regression lines are likely to be equal or very close to 0.25 when the standard error is considered. As such, we feel that it is safe to conclude that all the components at play behave according to theory.
If the best fits of ln(PA) versus ln(BM), ln(AH) versus ln(BM), and ln(HV) versus ln(BM) are converted into power form, then the coefficient of proportionality will be as follows: As demonstrated, 16 if the relative subinterval contributions are plotted against the size of the heart, which is directly proportional to that of the body, the outcome is that PA contributes 20% to 30%, AH contributes 50% to 60%, and for HV, the contribution is 20% to 30%, which agrees with the calculations we made from the best fits.
Discussion
The most important result of this study is that AV conduction time, measured by the PR interval in 541 published ECGs from 33 mammalian species, scales as the 1/4 power of BM, following a law for allometric scaling. Moreover, because HR has also been found to be proportional to BM to the negative quarter power, 2 the demonstration that the ln PR interval and the ln HR scale linearly with a slope that is close to negative unity independently supports the finding that the PR follows the universal law of allometric scaling and scales as a Ϸ1/4 power of the BM.
From the simplest unicellular organism to the largest and most complex mammal, nature attempts to maximize efficiency by minimizing energy expenditure on transport and time and by maximizing active surface areas across which exchange of nutrients and waste happens with the environment. 3 During each heartbeat, the efficiency of the heart's output is maximized by the optimization of the time taken by an electrical impulse to travel from the SA node to the ventricles. Our theoretical prediction is that
The theory of maximization of active surfaces and minimization of transport distances and times implies that ⑀ A 31 and 2 In our study, the theoretical derivation of the scaling behavior of the PR interval agrees very well with the empirically obtained data (Figure 2 ) in that the best fit has a slope of 0.24, which is close to bϭ1/4. Should the scaling of the propagation of the electrical impulse from the atria to the ventricles have obeyed the euclidian geometry, the exponent would have simply been 1/3, which is much higher than the best-fit slope of 0.24 demonstrated by our data. Such data demonstrate that the PR interval is more sensitive to the heart mass than to its length. It may be argued that scaling the PR interval to the BM is limited by the fact that extrapolation of the data to the intercept would result in a PR interval of sizable value for a hypothetical heart of mass 0, which would be meaningless. 7 Clearly, this argument may be legitimate from the point of view of the limitations imposed by the intrinsic properties of a properly working heart, where the mammalian PR interval may never be briefer than a certain limit value because of genetically determined structural, anatomic, and electrophysiological constraints. In fact, on the basis of hemodynamic considerations, West et al 4 calculated that the lowest possible limit of BM for a mammalian species is 1 g. It is therefore worth noticing that allometry describes the relation between the 2 sets of values (eg, BM and HR) only within an observed range. 1 In other words, extrapolation beyond the observed mammal size provides no useful information in allometric scaling.
The PR interval of the humpback whale (400 ms) has been given much attention because it is very close to the PR interval of a much smaller 3000-kg elephant (398 ms). Possibly, this might be because the AV node is somehow different in such a way that AV conduction delay is reduced in larger animals such as the humpback whale. 8 However, the results presented in Figures 2 and 3 show that the data from the whale fit well within the limits of prediction for the allometric relation between the HR, the PR interval, and BM. Furthermore, when plotted on a double-logarithmic scale (Figure 4) , the slope of the relation between HR and PR interval is equal to Ϫ1.08. The significance of the Ϫ1 slope is that because the HR was already shown to scale as BM to the Ϫ1/4 power, the PR interval should scale as BM 1/4 . Importantly, the single PR-interval value from the humpback whale agrees with the fit to the overall data, suggesting that in fact, the structural and electrophysiological properties of the whale AV node need not differ substantially from those of other mammals. In fact, as demonstrated by James et al 34 in the sperm whale, cell size, histological organization, and innervation of the whale's sinus node, AV node, and His bundle are similar to those of most other mammalian hearts.
Normally, the atrial contraction occurs in diastole after rapid ventricular filling by relaxation, allowing for increased stretch of the myocardial fibers in the ventricles and resulting in enhanced contractile force. 35, 36 Thus, atrial contraction contributes to Ͼ20% of the ventricular filling, 37 and its timing requires optimal AV propagation for the electrical impulse to trigger the ventricular contraction. On the ECG, the PR interval is an indicator of AV conduction time. The atrial systole is an important determinant of ventricular performance. 38 It has been demonstrated in humans and dogs 35, 39, 40 that there is a wide range of timings that allows atria and ventricles to work sequentially. However, there is also an optimal PR interval that is associated with the best ventricular hemodynamic efficiency. 39 If the PR interval is excessively long, the atria would contract when the AV valves are closed, and thus, the atrial kick would not contribute to the ventricular filling. 35, 39 Conversely, if the PR interval is too short, 39 the atrial contraction would be followed immediately by ventricular systole, and there would be less time to complete the ventricular diastolic filling. In both cases, the stroke volume will be reduced because of an inefficient atrial kick, which normally contributes to end-diastolic ventricular volume and helps the ventricles to operate optimally.
In humans, Benchimol et al 39 showed that with a PR interval shorter than 300 ms, the hemodynamic parameters (systemic pressure and maximum dP/dt of arterial brachial pressure) increased by 14% and 33%, respectively, compared with a condition of no atrial contribution (P inscribed on the T wave). In 10 patients with intact AV conduction who underwent cardiac surgery, Hartzler et al 35 demonstrated that shortening the PR interval by sequential artificial pacing could significantly improve the cardiac output up to 18%. For each subject, they described a bell-shaped curve of the relationship between AV interval and cardiac output. The optimal PR intervals ranged between 150 and 250 ms, depending on the age and the specific cardiac disease. This illustrates that in humans, the normal PR interval of Ϸ200 ms is optimal and contributes to an efficient hemodynamic function of the heart. Because our allometric model uses optimal heart function as its basis, the fact that all species obey a relation between their respective BM and PR interval similar to that of humans (Figure 2 ) further suggests the optimal value of PR intervals for all mammals. We conclude that a 0.25 scaling exponent offers a favorable placement of the atrial kick in the cardiac cycle.
Limitations
The PR interval is only an approximation of the actual time that the impulse needs to cross the conduction pathway. The collection of data used is a partial representation of mammals. ECG recordings from some species are more easily available than others, and so the number of animals in our sample varies significantly from one species to another; for example, only 1 value is used for the humpback whale, whereas 81 are used for dogs. Also, acquisition conditions were not similar across animals: some ECGs were obtained from anesthetized animals; it was impossible to account for the different body temperatures, autonomic tone, and environmental circumstances of the animals Tables 3 and 4 . The percentages of events and complications were presented on the basis of the number of patients' visits rather than on the total number of patients.
Overall, the corrected results did not change the implication of the study. There was no benefit of warfarin alone or combined with aspirin in the secondary prevention of ischemic events in this study of patients with previous coronary artery bypass surgery and an acute coronary syndrome; there was a significant excess in minor bleeding compared with the aspirin-alone group. Tables 3 and 4 
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